A simple gas chromatography-mass spectrometry (GC-MS) procedure has been developed for the main metabolites of organophosphorus nerve agents, alkylmethylphosphonic acids (AMPAs; alkyl --Et, i-Pr, and pinacolyl) in biofluids via extractive pentafluorobenzylation. The derivatization was carried out under liquid-liquid-solid-phase-transfer conditions using a polymer-bound tri-n-butylmethylphosphonium bromide as a catalyst. AMPAs in aqueous samples were semiquantitatively extracted into a small-volume organic layer as their pentafluorobenzyl derivatives at pH 4.5 (85~ Sample pretreatments for urine, serum, and saliva were each examined to minimize matrix interference. The detection limits of APMAs by electron-impact ionization GC-MS were around 50 ng/mL and 2.5-10 ng/mL in the full-scan and selected-ion monitoring modes, respectively. In order to detect trace-level AMPAs, negative-ion chemical ionization (NICI) was also employed to enhance sensitivity. The detection limits of AMPAs in biofluids were typically 60 pg/mL by GC-NICI-MS.
Introduction
VX, sarin, and soman are among the strongest nerve agents. Although prohibited by the 1925 Geneva Protocol, military use of such nerve agents in the 1980s has been reported (1, 2) . In addition, various treaties regarding the use of nerve agents were being negotiated (3) . Moreover, there was civilian use of nerve *Author to whom correspondence should be addressed.
agents in Japan in 1994 and 1995. Three terrorist gas attacks allegedly by a so-called religious sect took place. A satin attack on innocent people in the Tokyo subway system took the lives of 12 people and injured about 5000 more when the nerve agent was deliberately released on a crowded train. Months before, in Matsumoto, a city not far from the 1998 Winter Olympic games in Nagano, 7 were killed and about 150 were injured in another sarin attack. A 28-year-old male, who had been regarded as an opponent of the Sect, was murdered on an Osaka street in broad daylight, allegedly by one of the group's members, with a syringe of lethal VX solution. These incidents illustrate the potential risk of widespread proliferation of such nerve agents among criminal and terrorist groups.
Once exposed to the environment, most organophosphorus nerve agents readily degrade (4) as outlined in Figure 1 . In the human body, these are also thought to be enzymatically and/or spontaneously hydrolyzed to the corresponding alkylmethylphosphonic acids (AMPAs) and secondarily to rnethylphosphonic acid (MPA). The extreme toxicity and ease of hydrolysis make the detection of the parent agents nearly impossible in biological samples. However, the primary hydrolysis products, AMPAs, are fairly stable (5) . This was recently demonstrated when isopropylmethylphosphonic acid (IMPA) was detected in soil samples taken from a Kurdish village 4 years after a sarin attack on that village (6) . In case of the VX murder in Osaka, ethylmethylphosphonic acid (EMPA) was detected in the victim's serum along with the other residue 2-(diisopropylaminoethyl)methyl sulfide (7) , both of which unequivocally proved the use of VX. Thus, it is of great importance to determine AMPAs such as EMPA, IMPA, and pinacolylmethylphosphonic acid (PMPA) that are unique to each originating nerve agent (8) .
Various analytical methods without derivatization for AMPAs have been studied. These include high-performance liquid chromatography (HPLC) (9) , ion chromatography (4,10), capillary electrophoresis (11) , and HPLC-mass spectrometry (12) . On the other hand, gas chromatography-mass spectrometry (GC-MS) after derivatization to make the polar acids volatile is the most frequently used confirmation method because of its specificity and sensitivity (13, 14) . However, substantial sample pretreatment, during which somewhat time-consuming, multistage sample handling is unavoidable, is necessary for the GC-MS procedures. Katagi et al. (15) developed a fairly rapid and accurate GC-MS method for EMPA in serum in combination with micro-ultrafiltration and tert-butyldimethylsilylation.
Once such a nerve gas attack (like the Tokyo satin incident) takes place, however, forensic chemists must examine numerous samples in a limited period of time. In our previous SCH:CH2-N i-Pr 2 { Me-P-OEt papers, a simple, yet effective extractive derivatization procedure was established for various aqueous substances of forensic interest via liquid-liquid-sotid-phase-transfer-catalyzed defivatization. The analytes include dialkyl phosphates (16, 17) , phenolates (18) , carboxylates (18, 19) , and toxicologically important inorganic anions (20) . In these procedures, a polymer-bound quaternary phosphonium salt was used as a phase-transfer catalyst (PTC), and pentafluorobenzyl bromide (PFB-Br) was the derivatization reagent. The most remarkable advantage of this method is that the extraction, derivatization, and concentration of the resultant derivatives into a small-volume organic layer are simultaneously achieved. Because the catalyst is in the form of bonded solid particles, this procedure leads to easy layer separation and allows the injection of the organic layer into a GC instrument after only a simple cleanup. The present work has aimed to facilitate the GC-MS determination of AMPAs by applying this phase-transfer-catalyzed pentafluorobenzylation. The scheme of this triphasal procedure is illustrated in Figure 2 .
To efficiently determine these substances in biofluid matrices, appropriate sample pretreatments before derivatization were examined. In addition to electron impact ionization (EI), negative-ion chemical ionization mass spectrometry (NICI-MS) was also employed for determining trace-level AMPAs in biological samples.
Experimental
Chemicals EMPA, PMPA, MPA, and PFB-Br (99+%) were obtained from Aldrich (Milwaukee, WI). IMPA was synthesized by methylation of triisopropy] phosphite (95%; Aldrich) with methyl iodide, followed by hydrolysis and purification. Dipropyl phosphate (DPP) was prepared from tripropyl phosphate (99%; Aldrich) according to the standard procedure (21) (> 95% purity on titration and proton NMR for both IMPA and DPP). Tri-nbutylmethylphosphonium bromide polymer bound (0.75 meq. Br-/g; [TB-0.75]) was prepared from tri-n-butylmethylphosphonium chloride polymer bound (0.78 meq. Cl-/g; 200-400 mesh; polystyrene-l% divinylbenzene copolymer, Fluka, Buchs, Switzerland) according to the method described in our previous paper (17) . Sep IC-Ag cartridges (Ag+-form cation-exchange resin cartridges, 0.8 meq.) were purchased from Lida (Kenosha, WI), and Bond Elut Certify II cartridges (3.0-mL volume) were from Varian (Harbor City, CA). Florisil (pesticide-residue grade, 60-100 mesh) and fluorene were obtained from Wako Pure Chemical Industries (Osaka, Japan). All organic solvents and inorganic reagents used were of HPLC or analytical-reagent grade. Deionized and distilled water were used throughout.
Preparation of spiked samples
Stock standard solutions of each analyte (1.0 mg/mL aqueous solutions, adjusted to neutral pH with 0.1M sodium hydroxide) were prepared weekly, and stored at 0-5~ Spiked samples used for experiments were prepared by adding known amounts of AMPAs to blank urine, serum, and saliva at 30 pg/mL-2.0 pg/mL The blank samples were also analyzed in advance to ensure the absence of AMPAs and other organophosphorus anions such as dialkyl phosphates.
Instrumentation

GC-EI-MS.
A GC-MS-QP5050 MS (Shimadzu) was used in combination with a DB-1 megabore column (30 m x 0.53-mm i.d., 1.5-pro film thickness, J&W Scientific, Folsom, CA). Helium was used as carrier gas at a flow rate of 6.5 mL/min in the splitless mode. The column temperature was programmed from 50 to 270~ at 10~
The injection temperature was set at 270~ The ionization energy and interface temperature were 70 eV and 250~ respectively.
GC-NICI-MS.
An MD800 MS (Fisons) was operated in the NICI mode with isobutane as moderation gas in combination with a DB-1 capillary column (30 m x 0.25-ram i.d., 0.25-1Jm film thickness, J&W Scientific). Samples were injected in the splitless mode into the column, held at 60~ for 2 min, and then programmed to 300~ at 10~
The injection and interface temperatures were set at 270~ and 250~ respectively. Helium was used as carrier gas at a flow rate of 3.0 mL/min. The ion source temperature, electron energy, and emission current were 180~ 70 eV, and 360 IJA, respectively.
Sample pretreatment
Before analysis, a known amount of DPP (100 ng for GC-EI-MS and 10 ng for GC-NICI-MS) was added to each sample as the internal standard (IS). Urine samples (1.0 mL) were passed through Sep IC-Ag cartridges that had been prewashed with 3 mL methanol and 10 mL water. After sample elution, the cartridges were washed with 0.5 mL water and the washings were combined with the urine eluates.
Serum samples (0.5 mL) were deproteinized before the triphasal derivatization as follows: acetone (2.0 mL) was added to samples (0.5 mL), followed by vortex mixing. After centrifugation, clear supernatants were treated with the Ag cartridges in the same manner as urine. The eluates were collected in glass vessels in which the triphasal derivatization was to be carried out. Acetone in the eluates was evaporated with Pretrealment a gentle stream of nitrogen before derivatization.
Saliva samples (0.5 mL) were diluted with water (five times weaker) to reduce viscosity and facilitate layer separation. Prior to derivatization, the pH of each sample was adjusted to approximately 4.5 with 0.05M phosphoric acid.
Triphasal pentafluorobenzylation procedure
A pretreated sample (approximately I-2.5 mL) was placed in a 15-mL, fiat-bottomed, cylindrical glass vessel (15-ram i.d.) fitted with a Dimroth condenser. Polymer-bound catalyst TB-0.75 (50 mg), 0.2M phosphate buffer (pH 4.5, 100 IJL), and 5% (v/v) PFB-Br toluene solution (0.5 mL) were successively added into the reactor. The mixture was then vigorously stirred with a magnetic stirrer. After a reaction time of 90 rain at 85~ 1.5 mL of ethyl acetate was mixed with the reaction mixture and the organic layer was separated (centrifugation was not necessary for any of the samples). After adding 1.0 mL of toluene, the ethyl acetate in the extract was evaporated with a gentle nitrogen stream. The extract was then dehydrated with anhydrous sodium sulfate and applied onto a florisil minicolumn. The columns were prepared in disposable glass pipettes filled with 0.3 g of fiorisil.
After washing the columns with 1.0 mL each of toluene and dichloromethane, they were eluted with 1.5 mL of 20% methanol in dichloromethane. Onemicroliter aliquots were injected onto the GC-NICI-MS. The eluates were then concentrated to approximately 500 IJL and mixed with 100 ng of fluorene (recovery marker) in 50 IlL toluene. One-microliter aliquots of the eluates were injected onto the GC-EI-MS. Recoveries were measured by GC-EI-MS by comparing the relative peak intensities of each analyte against fluorene with those of ones obtained from conventional anhydrous derivatization of analyte standards.
Results and Discussion
Optimization of derivatization conditions
Sample pH. Our previous study (18) showed the maximum rates of phase-transfer-catalyzed pentafluorobenzylation of carboxylates were generally observed at the pH that is i to 3 units higher than the p/C a value of each analyte. However, the pH strongly affects side reactions such as the hydrolysis of generated derivatives and the hydrolysis of the derivatization reagent, both of which interfere with microanalysis. The optimization of sample pH was done for EMPA, which is not as smoothly derivatized as others. As shown in Figure 3 , the optimum pH was found to be 4.5, and thus, this pH was selected for all experi- Figure 4 . A blank urine that was treated with the Sep IC-Ag cartridge was used as a model matrix, and the AMPAs and DPP were spiked at 500 ng/mL each. The most appropriate reaction time for the simultaneous process was found to be 90 min at 85~ Side reactions including the hydrolysis of the generated derivatives might cause a loss in yield, but we were able to minimize such side reactions by setting the pH at the rather moderate value of 4.5. No traces of PFB derivative of MPA, which could be generated from the hydrolysis of the resultant PFB derivatives of AMPAs followed by secondary pentafluorobenzylation, were detected in the GC-EI-MS of any samples in the SIM mode. The use of 1~6 * 1.o toluene as the organic phase gave cleaner chromatograms than more polar solvents such as butyl acetate and isobutyl methyl ketone. Electron impact ionization mass spectra of the PFB derivatives obtained by the established phasetransfer procedure are shown in Figure 5 . 
Internal standard
We adopted DPP (dipropyl phosphate) as the internal standard for quantitative analysis of AMPAs in various matrices because DPP has the average properties of strongly polar EMPA and moderately polar PMPA. DPP behaved almost identically to the AMPAs during the pretreatments, derivatization, and cleanup as described subsequently. Although diisopropyl phosphate could be detected in authentic biofluids as a hydrolysis product of organophosphorus pesticides or nerve agents such as DFP, di-n-propylphosphoryl moiety is not, to date, found in any common organophosphorus pesticides or nerve agents. Thus, DPP was determined to be an appropriate internal standard as well as an overall procedure control. The recoveries of AMPAs and DPP were measured using the marker fluorene that was added to the samples just before GC-EI-MS analysis.
Sample pretreatmenl
Urine. Urine is the most important biofluid sample for the detection of the main metabolites AMPAs as these are excreted mainly in urine. However, as our previous report (18) indicates, chloride anion in biofluids often interferes with the phase-transfer-catalyzed derivatization of highly polar anionic compounds. Several sample pretreatments were compared for the sake of obtaining the best recovery method. Table I lists the results. We compared several types of solidphase extraction cartridges. The use of strong anion exchanger is one of the most popular pre-treatments for the selective isolation of anionic compounds in various matrices. However, inorganic salt solution with substantially high ionic strength (e.g., 0.375M NaBr) is necessary for the quantitative elution of retained AMPAs (14) . A combination of Bond Elute SAX cartridges and subsequent elution with 2 mL of 0.375M NaBr resulted in low overall recoveries (i.e., the yields of derivatives) for highly polar EMPA and IMPA. This was probably due to high bromide anion concentration in the eluate, which occupied active sites (phosphonium salt) on the polymer-bound catalyst and therefore hindered the phasetransfer-catalyzed derivatization of the highly polar acids. A combination of Bond Elute Certify II cartridges and an eluting solution of 0.01M hydrochloric acid in methanol also resulted in poor yields, even after the removal of chloride anion in the eluate with the Ag cartridges. On the contrary, almost quantitatable recoveries were achieved for all the analytes by a simple passing of urine samples through the Ag cartridges (10) .
Serum. Polymer-bound PTCs seem to have the advantage that high-molecular-weight protein components can be excluded to some extent by the small pore structure of the crosslinked polystyrene-based catalyst where derivatization reactions occur. In our previous experiments (19) , biomacromolecule matrices did not seriously interfere with phase-transfer-catalyzed pentafluorobenzylation of phenoxy acid herbicides, which are typical semipolar carboxylates. However, we needed to minimize interference that hindered the derivatization of highly polar AMPAs. Common deproteinization methods for biological samples include precipitation with a polar organic solvent, perchlorate treatment, and ultrafiltration. The use of perchlorate and ultrafiltration were excluded because of an increase in ionic strength and processing time, respectively. As shown in Table II , a combination of acetone precipitation and subsequent Ag column treatment to remove both biomacromolecules and chloride anion gave satisfactory results and ease in sample handling throughout the procedure (e.g., easy layer separation after the derivatization).
Saliva. The analysis of oral-cavity fluid is of great importance as a high probability of detection can be expected for inhaled nerve gases as well as the spontaneous hydrolysis products, AMPAs. A healthy volunteer's saliva was chosen as a model of oral-cavity fuid. Although protein content in saliva is far below that in serum, the viscosity often causes difficulty in layer separation against an organic solvent, which can result in insufficient partitioning of polar analytes. As shown in Table II , acetone precipitation was not adequate for polar EMPA and IMPA in saliva, though it was very effective for serum. This was probably due to the differences in precipitation formation processes. A suspension was generated by vortex mixing serum with acetone; a white gum was immediately formed with saliva and acetone, and the gum probably adsorbed the analytes. Simple fivefold dilution with water was therefore found to be the best recovery and most convenient pretreatment for AMPAs in saliva. The mass chromatograms obtained from the urine, serum, and saliva samples spiked with 100 ng each of AMPAs by GC-EI-MS are shown in Figure 6 . PMPA was resolved into a pair of diastereomer peaks because PMPA consists of stereoisomers, as does the parent agent soman. A combined peak area was used for the determination.
Although we did not extract the samples with an organic solvent before derivatization, such solvent extraction (e.g., with dichloromethane) is recommended in the analysis of authentic biological samples. This is because the parent nerve agents and/or lipophilic degradation products, which may be present in real samples, can be detected in the extracts (7) . Because AMPAs are not extracted into an ordinary organic solvent at neutral pH, such extraction would also be helpful in reducing matrix interference.
Quantitative analysis by GC-EI-MS
Based on the best recovery methods, overall recoveries of AMPAs spiked at 20 ng in urine (1.0 mL), serum (0.5 mL), and saliva (0.5 mL) were measured by GC-EI-MS using fluorene as the marker. As listed in Table Ill , lower recoveries were observed at this spiking level when compared with those at a concentration of 500 ng/mL. This was due to a combination of losses in pretreatment, extractive derivatization, and cleanup processes. As recoveries are concentration dependent at low levels, the use of internal standard was necessary to hold quantitative ability. Fredriksson et al. (14) reported a urinary PMPA concentration of approximately I IJg/mL and serum PMPA levels of around 20-50 ng/mL after intoxication with soman in an animal experiment in which pigs were injected with one LD50 dose of the nerve agent. An EMPA concentration of 1.25 ]Jg/mL in serum from the victim of the alleged VX murder in Osaka was reported by Tsuchihashi et al. (7) . As APMA levels in authentic biofluid samples may range very widely, the GC-EI-MS analysis was performed both in the full-scan and SIM modes to cover the low microgram-per-milliliter to middle nanogram-per-milliliter range. Detection limits of around 50 ng/mL were observed in the full-scan mode for each AMPA in all the biofluids tested. In order to determine AMPAs at nanogramper-milliliter levels, calibration graphs were drawn by measuring the peak areas at m/z 80 for EMPA, m/z 256 for IMPA, and m/z 123 for PMPA against that at m/z 278 for DPP (IS). The graphs were all linear over the range of 10 ng/mL to 1000 ng/mL, and the calibration parameters were calculated as listed in Table IV . The detection limits in the SIM mode are also listed in Table IV Trace determination by NICI-MS PFB esters are reportedly detectable in the low femtogram range in the SIM mode by a benchtop quadrupole NICI-MS instrument (14) . NICI-MS was employed for the determination of the resultant PFB derivatives in middle picogram-per-milliliter to middle nanogram-per-milliliter AMPAs in biological matrices. The corresponding alkyl methylphosophonate anions were observed virtually as a single one peak in the mass spectra of the derivatives. Therefore, [M-PFB]-anions (i.e., m/z 123 for EMPA, rn/z 137 for IMPA, m/z 179 for PMPA, and m/z 181 for DPP) were monitored in the SIM mode. Typical mass chromatograms obtained from a spiked urine at 1.0 ng/mL were shown in Figure 7 . Satisfactory signal-to-noise ratios were readily achieved by GC-NICI-MS because of low chemical background and the concentration of the total ion charge in a single [M-PFB]-fragment. To ensure the reliability of the GC-NICI-MS determination, calibration graphs were drawn by spiking 30 pg-10 ng of AMPAs to 0.5 mL blank serum. DPP (10 ng) was added as the in-A ternal standard before sample pretreatment. Good linearity was observed over the range of 0.1-20 ng/mL for each compound: y = 0.0275 + 12.80x, r = 0.9997 for EMPA, y = 0.0138 + 10.00x, r = 0.9998 for IMPA, and y = -0.0147 + 3.487x, r = 0.9990 for PMPA. To avoid contamination and adsorption of the polar analytes, glassware was soaked and washed with alkali detergent, followed by rinsing consecutively with tap water, pH 4.5 phosphate buffer, distilled water, and acetone. Disposable laboratory utensils were used whenever possible. A typical detection limit of 60 pg/mL was readily achieved at signal-to-noise ratios of around 5 for each analyte in both urine and serum.
Conclusions
Although the present triphasal procedure was not directly applicable to urine and serum, simple sample pretreatments such as acetone precipitation and Ag cartridge treatment led to satisfactory recoveries for AMPAs. There are definite advantages in using this phasetransfer-catalyzed technique, which is simple and convenient. The present method would therefore be most useful in analyzing numerous samples, as in the cases of recent nerve gas attacks in Japan, in a limited time period. This method is also a prime candidate for automation. We are currently developing an automated sample preparation system for potentially harmful samples such as nerve agent-related samples, pesticides, and their degradation products.
